Railway pantographs are used around the world for collecting electrical energy to power railway vehicles from the overhead catenary. Faults in the pantograph system degrade the quality of the contact between the pantograph and catenary and reduce the reliability of railway operations. To maintain the pantographs in a good working condition, regular inspection tasks are carried out at rolling stock depots. The current pantograph inspections, in general, are only effective for the detection of major faults, providing limited incipient fault detection or fault diagnosis capabilities. Condition monitoring of pantographs has the potential to improve pantograph performance and reduce maintenance costs. As a first step in the realisation of practical pantograph condition monitoring, a laboratory-based pantograph test rig has been developed to gain an understanding of pantograph dynamic behaviours, particularly when incipient faults are present. In the first work of this kind, dynamic response data have been acquired from a number of pantographs that have allowed fault detection and diagnosis algorithms to be developed and verified. Three tests have been developed: (i) a hysteresis test that uses different excitation speeds, (ii) a frequency response test that uses different excitation frequencies, and (iii) a novel changing gradient test. Verification tests indicate that the hysteresis test is effective in detecting and diagnosing pneumatic actuator and elbow joint faults. The frequency response test is able to monitor the overall degradation in the pantograph. The changing gradient test provides fault detection and diagnosis in the pantograph head suspension and pneumatic actuator. The test rig and fault detection and diagnosis algorithms are now being developed into a depot-based prototype together with a number of industrial partners.
Introduction
A railway pantograph is mounted on the roof of a train and aims to maintain contact with the overhead line equipment to collect electrical power for the train. The interaction between the pantograph and catenary determines the quality of current collection and the wear of the pantograph and contact wire. 1 The contact force between the pantograph head and catenary is an important factor in the interaction. High values of contact force generate excessive uplift and mechanical wear of both the pantograph contact strips and catenary; on the other hand, low values of contact force increase the likelihood of contact loss and result in electrical arcing that erodes the catenary and the contact strips. 2 Oscillations in the pantograph-catenary system depend on the pantograph dynamic behaviour and the catenary design. Degradation of, and faults in, the pantograph vary the dynamics, and, therefore, change the quality of current collection between the pantograph and catenary. In order to achieve good current collection quality, and minimise the wear, the pantograph should be maintained in a healthy condition.
Due to the importance of the pantograph, characterisation of its dynamic behaviour has previously been carried out using different approaches by a number of researchers around the world. In general, previous research was either based on modelling and simulation, or the development of laboratory or on-board measurement and test systems. The modelling and simulation work aims to evaluate the Birmingham Centre for Railway Research and Education, University of Birmingham, Birmingham, UK performance of the pantograph and catenary under different design and operational scenarios prior to realistic tests in a laboratory or online, which can be expensive and time consuming. In general, the previous pantograph modelling and simulation studies consider the pantograph and the catenary as two separated parts, 3 and then they are coupled by applying a separate contact model. Conventionally, to simulate the interaction between pantograph and catenary, two types of pantograph models are used: either a lumped mass or a multibody model. The catenary is normally modelled using finite element methods. In the past, two-mass lumped models (Figure 1(a) ) were used to represent the pantograph dynamic behaviour. 4 The two masses, representing the pantograph head and arms, are linked by springs and dampers. The parameters of the lumped mass model are usually obtained through a frequency response function (FRF) measurement. 5 However, the physical pantograph can be decomposed into three main parts: pantograph head, upper arm, and lower arm. The characteristics of the joint linking the upper and lower arms also have an effect on the pantograph dynamic behaviour. To replicate the pantograph dynamics more accurately, a three-mass model (Figure 1(b) ) was developed. 6 Furthermore, nonlinear features, such as the friction and the nonlinear dampers, were added into the lumped mass models to reduce simulation errors. 7 However, in the lumped mass model, only the top mass, damper, and spring correspond to physical properties of the pantograph in the real world. Its mass is equivalent to the actual mass of the pantograph head; meanwhile, the damping and spring coefficients of the top damper and spring represent the behaviour of the head suspension. The mass and the lower components in the lumped mass model do not relate to the physical parameters found in the lower section of the pantograph.
In order to analyse the performance of each pantograph component, a multibody model which represents the masses and inertias of a pantograph was previously developed with relative kinematic constraints. 8 Then, simulation of the interaction between the finite element catenary and the multibody pantograph was carried out using a co-simulation approach, 9 and the simulation results were validated through comparison with experimental data. 10 Various operational conditions and scenarios were replicated using this model, for example the influence of the aerodynamic forces on the pantograph and catenary interaction, 11 multiple pantograph scenarios, 10 and optimisation of the distance between two pantographs, 12 understanding the impact of suspension characteristics on the contact quality, 13 and improving the design of pantographs. 14 Based on the above modelling and simulation studies, user friendly software, such as PantoCat, PCaDA, OSCAR, SPOPS, have been developed by different researchers to simulate pantograph-catenary dynamic interaction. 15 The simulation results of this work have been compared and validated against a benchmark according to EN503018. 16 Simplified pantograph models used in a simulation cannot reproduce the nonlinearities that are inherent in pantograph designs and during the degradation process. To make the pantograph-catenary interaction more realistic, hardware-in-the-loop (HiL) test rigs have been developed that integrate a physical pantograph with a virtual catenary. An open-loop HiL test rig was built in Germany. 17 This device can excite the pantograph in both vertical and lateral directions to reproduce the lateral motion of stagger as well as vertical oscillations caused by pantographcatenary interactions. The excitation applied by the open-loop HiL system is based on either line test measurement or predefined trajectory data. This test rig has been used to identify the parameters in the linear three-mass lumped models for British highspeed pantographs. 18 Further, a closed-loop HiL test rig was developed in Italy. 19 The closed-loop HiL system measures the contact force between the actual pantograph and the catenary, to work out the displacement of the catenary. This displacement is applied to the pantograph head by the test rig. By using closed-loop control, the test rig behaves as if the pantograph under test is in contact with a real catenary. This laboratory device has been used to develop pantograph active control in order to improve current collection quality. 7, 20, 21 The performance of the open-and closed-loop HiL systems was compared with the on-track measurement: the result demonstrated that the matching errors of both the HiL devices with respect to the actual measurements can be quantified as AE 10%. The contact force of the HiL systems is closer to those measured on a real test train than to those from numerical simulations. 22 Other than the HiL test rigs, some other pantograph test rigs have been constructed aiming to measure the wear of the contact wire and the contact strips in different operational scenarios. Spinning test rigs have been designed with a rotating horizontal circle of overhead wire pressing down on top of a pantograph. A full-scale pantograph can be tested at different running speeds and different materials of the pantograph carbon strip were tested. Such devices are to be found at the Department of Mechanics of Politecnico di Milano, 23 and also in China, Japan, 24 and South Korea. 25 In order to inspect the practical interaction between the pantograph and the catenary, on-board and track-side monitoring systems have been proposed. For the on-board systems, sensors and imagetaking equipment are installed to detect the critical parameters relating to pantograph-catenary interaction. Sensors, such as load cells and accelerometers, are protected against high voltage and EMI, and instrumented on the pantographs themselves or the body of the trains. 26 Images of pantographs and catenary have been taken by contactless instruments, such as phototube sensors, 27 infrared sensors, 28 and cameras, 29, 30 and occurrence arcing 31 and the wear on pantograph carbon strips and contact wires was inspected 32 using different algorithms. However, the on-board system must be attached to every pantograph to be monitored, which results in high cost.
To detect the condition of each in-service pantograph, some track-side devices have been proposed using sensors and cameras on the catenary system. Jarzebowicz and Judek 33 developed an inspection system for pantograph carbon strips using a camera and a laser line installed on the catenary. This system generates 3D scans of the contact strips when a train passes the inspection point. Wear on, and the thickness of, the carbon strips can then be calculated. 34 Koyama et al. 35 developed a wear inspection system located on the catenary to detect any uneven wear on the pantograph carbon strips. Most of these previous studies concern the pantograph-catenary interaction and the wear of pantograph carbon strips and the contact wire. However, the interaction varies with the health status and degradation of the pantograph. Fault detection and diagnosis is key to maintaining current collection quality and safe operation.
Through discussions with railway industrial experts, operators, depot managers, and academic researchers, the dynamic behaviour of a pantograph is related to the characteristics of the head and frame suspensions, and the elbow joint. The behaviour of the head suspension is determined by the status of the bearings and properties of the torsion bar. The performance of the frame suspension is related to the leakage and degradation of the pneumatic actuator. Problems associated with the elbow joint are generally due to loose or high stiffness chains. However, pantograph maintenance activities undertaken at rolling stock maintenance depots are mainly based on visual and manual checks which are only appropriate for some obvious faults, such as misalignment of pantograph arms and loose bolts. Measurement of static hysteresis is adopted at some depots; however, the results tend not to highlight faults and degradation directly.
Moreover, the maintenance activities are generally either carried out with a fixed time interval or based on operation mileage.
The development of a condition monitoring system that is able to carry out fault detection and diagnosis of pantographs would provide significant benefit to detect common pantograph faults. To this end, a unique laboratory-based pantograph condition monitoring system has been developed as a prototype to verify the design prior to developing a full system that can be installed in a depot. Entire pantographs are able to be placed under the excitation system for test. Sensors measure displacement, contact force, and the acceleration at various places to collect the critical variables with predefined excitation profiles being able to be applied to the pantograph head. Two high-speed pantographs of the same type have been tested: one new and one pre-overhaul. To address pantograph faulty features and realise fault detection and diagnosis, three dynamic tests are performed: a dynamic hysteresis test, which is an extension of a test currently used in some depots; a frequency response test, which is used to characterise linear pantograph models; and a novel changing gradient test that emulates the pantograph passing under a mast. The dynamic testing results of the new pantograph are considered as reference data. By comparing the results of the features of faulty conditions with the reference, faults can be detected and diagnosed, and potential prognosis can be provided.
Development of a pantograph laboratory test rig
The developed test rig is able to excite the pantograph based on a pre-programmed control strategy and then measure the key parameters for further analysis. The highest excitation frequency that can be generated by the test rig exceeds the 20 Hz requirement in EN 50317: 2012 36 which is related to the dropper frequency for high-speed train operation. The test rig is made up of three subsystems: an excitation system, a data acquisition system, and an analysis server. The excitation system frame, shown in Figure 2 (a), consists of a 3 m long horizontal linear guide mounted towards the top of two 2.5 m high supporting legs. An actuation arm moves vertically on a 3.5 m long vertical linear guide which itself moves laterally along the horizontal guide, as shown in Figure 2 (a). Thus, the actuation arm can move both vertically and laterally. Two drives control the vertical and lateral motion independently using LabView. The software is able to provide a range of control modes, such as manual control and predefined profile control, for accomplishing different dynamic tests. The data acquisition system consists of various sensors and data acquisition (DAQ) measurement hardware. For the analysis of pantograph dynamic behaviour, contact force and accelerations are the most relevant parameters. 37 Therefore, two load cells and five two-axis accelerometers are used to measure the contact force and the accelerations. An excitation bar is coupled to the actuator arm by two load cells that measure the contact force acting on the tested pantograph, as shown in Figure 2 (b). Due to the flexibility of the pantograph head suspension and elbow joint that links the upper arm and lower arm, the accelerations near to each joint can be measured individually. Two of the accelerometers are mounted on the excitation bar in line with the load cells, shown in Figure 2 (b); the other two accelerometers are attached to the top and bottom of the pantograph upper arm; a fifth accelerometer is fitted on the top of the lower arm. Displacement of the excitation bar is acquired through a sensor built in to the test rig. The measured data are logged into the analysis server via the DAQ devices, in order that further analysis can be carried out. In this paper, lateral excitation is not considered as this produces a force on the pantograph head quite different from the effect of stagger on a moving pantograph. In the following sections, the results of the hysteresis test, measurement of FRF, and changing gradient test carried out on this test rig will be described.
Measurement of hysteresis
Railway maintainers and manufacturers consider the frictional hysteresis as one of the criteria used to evaluate the performance of pantographs. 38 Commercial equipment is available to carry out this measurement at depots. The test starts with releasing the pantograph from its lowest position. Due to the uplift force supplied by the pantograph's pneumatic actuator, the pantograph travels upwards at a fixed speed controlled by the measurement device. When the pantograph reaches the maximum travel point, the device pulls it back downwards to the start point. The force during the upwards and downwards movements is recorded and plotted against the head extension height to show the hysteresis. A decision of 'fail' or 'pass' is made by comparing the measured hysteresis with a manufacturer-specified threshold. In addition, the mean force can be compared to the manufacturer's specification. In this section, the test rig is used to measure the hysteresis for two pantographs of the same type. In contrast to the one fixed speed used by commercial equipment, the test rig carries out the test at a set of excitation speeds to inspect the pantograph. The behaviour with some of the components of the pantograph replaced by old ones has been compared to that of a new pantograph.
Hysteresis of new and pre-overhaul pantograph
The hysteresis of a pantograph tends to vary as the condition of the pantograph changes. 38 To investigate the influence of pantograph degradation on hysteresis, a new and a pre-overhaul pantograph of the same type were tested. The excitation speed generated by the test rig is 50 mm/s, the same as that of the commercially available measurement equipment. The measurement results are plotted in Figure 3 and the recorded values shown in Table 1 . The left side of the hysteresis loop is the contact force when the pantograph is rising, named 'up force'; and the right side is when the pantograph is pressed downwards, named 'down force'. It shows that the average up force of the pre-overhaul pantograph is 2 N higher than the new one; meanwhile, the average down force of the pre-overhaul pantograph is 1.5 N lower than the new one. Therefore, the hysteresis of the preoverhaul pantograph is actually 3.5 N less than that of the new pantograph. The mean force and the maximum allowed hysteresis of the tested high-speed pantograph were given by the manufacturer as 90 AE 3 and 24 N, respectively.
This particular result demonstrates that an aged pantograph sent for overhaul may not have a high hysteresis. However, because of the uncertainties involved in the pre-overhaul pantograph, the hysteresis results shown in Figure 3 do not indicate any pantograph degradation or any fault. In order to explore how certain changes might vary the pantograph hysteresis, the new pantograph has been tested over a range of excitation speeds with some of the components exchanged for old ones.
Hysteresis of the new pantograph at various excitation speeds
The measured contact force is the sum of the static uplift force, the friction, and the damping force in each joint. The up and the down force can be described as equation (1)
In equation (1), with a new pneumatic actuator, the static uplift force, F Static , is determined by the pressure inside the actuator; therefore, it is relatively constant. The directions of F Friction and F Damping are both opposite to the direction of pantograph motion. The friction consists of stiction and kinetic friction. 39 Stiction generates a short spike when the pantograph reverses its direction of motion; however, it is not prevalent in the measurements of the hysteresis and can be ignored in equation (1) . For pantographs with the same level of greasing condition, the kinetic friction can be considered as being constant. Therefore, in equation (1), the friction is not varied. The damping force can be written as equation (2) F
where c is the damping constant and _ x is the excitation speed.
According to equation (2), as the excitation speed increases, the damping force grows. Therefore, in equation (1), the up and the down force decrease and increase, respectively, as the excitation speed increases. As a result, the hysteresis increases as the excitation speed goes up. However, the current commercial hysteresis measuring device only carries out the test at a single speed of 50 mm/s. However, it is necessary to measure the hysteresis with a range of excitation speeds to understand the pantograph dynamic behaviour.
In this paper, the excitation speed of the hysteresis test is varied from 50 to 400 mm/s in 50 mm/s steps. If the excitation speed is any lower than 50 mm/s, the hysteresis curve is found to remain unchanged from the 50 mm/s result, which demonstrates that the damping component is not significant below this test speed. And lower test speeds provide no additional information. The test results in Figure 4 show that the pantograph hysteresis grows as the excitation speed increases. Meanwhile, the hysteresis loops are concentric which illustrates that the static uplift force does not change with the excitation speed. The characteristics of the hysteresis collected from the new pantograph are considered as a reference for further fault diagnosis.
Changes to the head suspension
The performance of the head suspension critically affects the dynamic behaviour of the pantograph, especially excited with an abrupt change. The head suspension connects the arm upper and the head and accommodates most of the high frequency dynamic movement. To inspect the influence of the head suspension on the hysteresis, two changes are made to the head suspension. For the first case, the head suspension was taken apart, the bearings greased, and then reassembled. In the second case, the original torsion bar was replaced with another 30% less stiff one. The stiffness of the original torsion bar is about 4.6 kN/m. The two torsion bars are in the same dimension. The torsion bar acts mainly as a torsion spring but also gives some damping. The hysteresis was measured with excitation rates of 50 and 400 mm/s, the results shown in Figure 5 (a) and (b), respectively. In Figure 5 , the outer loop profile is the hysteresis of the pantograph in its original condition, the middle loop is that with the head suspension reassembled, and the inner loop is measured with the less stiff torsion bar. In both subfigures, two of the curves almost overlap indicating that the stiffness of the torsion bar does not affect the hysteresis of the pantograph at different excitation speeds. Compared with the original condition measurement, the hysteresis under the two other conditions is reduced. This results in an increase in the up force. The up force of the other conditions is 3.7 N higher than the original condition at 50 mm/s and 4.1 N higher at 400 mm/s. The down forces for all hysteresis loops are roughly the same for the same excitation speed. The test result shows that the stiffness of the bearings increases the hysteresis and can be observed through measurement of the hysteresis. However, the stiffness change of the torsion bar cannot. Therefore, further testing methods are needed to detect the effect of stiffness variation of the torsion bar.
Loosening the elbow joint chain
The elbow joint, which is an eccentric cam mechanism, links the pantograph upper and lower sections by one centre and two outer chains. The upper section includes the upper arm and a control rod runs inside the upper arm, and the lower section consists of the lower arm and a fourth bar is inside the lower arm. The elbow joint governs the extension of the upper arm and transfers the large displacement, low frequency oscillation of the pantograph head that is not taken up by the head suspension to the lower section of the pantograph. The tightness of the chain's attachment point changes the vibration transmission from the upper to lower section. The hysteresis was measured with the centre chain loosened on the cam; the results collected at 50 mm/s are shown in Figure 6 . The hysteresis is now slightly less than the original condition. Moreover, the large ripple (or scalloped edge) at extension heights between 1970 and 2180 mm under the original condition becomes smaller after loosening the elbow joint chain. It is deduced that the big ripples on the up and down force are related to the condition of the elbow joint. The shape of the ripples on the hysteresis loop can be considered as one of the features for evaluating the condition of the elbow joint.
Replacing the pneumatic actuator
The pneumatic actuator is the main source of damping for the pantograph. When the pneumatic actuator is connected to the air supply, the pressure forces the piston to push the pantograph upwards. To detect the contribution of the pneumatic actuators in varying the pantograph hysteresis, the original actuator was replaced by a significantly damaged one that leaks at one particular pantograph extension height.
To investigate the pantograph behaviour with different pneumatic actuators, the hysteresis was measured using different excitation rates. The hysteresis of the pantograph with the leaking and the original actuator at the excitation speed of 50 mm/s is compared in Figure 7 . The up and the down force of the two conditions follow near identical loops, except the sudden notches on the red curve, attributed to the leaking. Both the up and down force drop significantly when the excitation height is around 1900 mm. Moreover, comparing the hysteresis with the leaking actuator with different excitations in Figure 8 with the original condition shown in Figure 4 , the loops are not centred with a relatively constant mean force. The loops move to the left as the speed increases, which indicates that the mean force decreases. This is because the leaking actuator cannot maintain the designed pressure to supply the relative static uplift force at any excitation speed. Above all, the mean force of the pantograph is changed most at the highest excitation speeds, so this is useful to investigate the performance of the pneumatic actuator. The sudden drop of the up and down forces is an important characteristic to demonstrate leakage within the pneumatic actuator.
Comment
The measurement of the hysteresis, potentially at a set of excitation speeds rather than just one, is able to indicate changes in the stiffness of the head suspension, the elbow joint, and the pneumatic actuator. To detect features previously undetected, such as the torsion bar stiffness, other tests can be carried out, as detailed in the following sections.
FRF
An FRF is a commonly used method to describe the dynamic behaviour of pantographs. 40 Comparison of the identified FRF with the nominal FRF reveals changes that can be related to changes in the pantograph. As the pantograph is a nonlinear system, the FRF varies with excitation levels. Therefore, during an FRF test the frequency is swept and the amplitude is varied according to two different strategies. In one, a fixed amplitude sine wave is used, in the other the amplitude is decreased as the frequency increases. Different excitation levels for the fixed amplitude swept-frequency tests are chosen to detect the dynamics in different components. 41 The decreasing amplitude excitation is described by equation (3)
where f is the excitation frequency and A is the amplitude of the sinusoidal excitation. The contact force (the sum over all contact strips), vertical head displacement (average), and vertical accelerations at various locations are measured. The data are only considered valid when the excitation arm and the pantograph head remain in contact. Data analysis refers to the standard frequencydomain equation
where X(!) and F(!) are the Fourier transforms of the accelerations and the contact force, respectively. H(!) is the system transfer function which is presented in the form of Bode plots in this paper.
Pantograph nonlinearity
In order to investigate the impact of the excitation levels on the FRF, different amplitudes of the swept sinusoidal displacement are applied. The amplitudes of the FRF test are chosen as 0.3, 0.5, 1, 2, and 5 mm. Higher amplitudes result in a loss of contact at such a low frequency that the FRF does not contain useful information. According to the requirements given in the European pantograph testing standard EN 50317: 2012, 36 'measured variables shall be taken at frequencies from 0.5 Hz up to 20 Hz in 0.5 Hz steps, with reduced intervals at resonant frequencies'. The Bode plots of the head acceleration divided by contact force corresponding to different excitation amplitudes are shown in Figure 9 . For the data shown here, the frequency resolution is 0.1 Hz and one frequency sweep takes just under 19 min from 0.5 to 20 Hz. In Figure 9 , the test with the 0.3 and 0.5 mm excitation can go up to 20 Hz without loss of contact between the excitation arm and the pantograph head. On the profiles with 0.3 and 0.5 mm excitation, the first resonance appears at around 4.5 and 4.1 Hz, respectively; the phase profiles start from zero, and the gradient of the phase shift is steep at the first resonance. Accordingly, the first resonance for small excitations is lightly damped, representing the behaviour of the head suspension. The remainder of the pantograph does not move. As the excitation amplitude increases, the contact loss happens at successively lower frequencies. For 1, 2, and 5 mm excitations, the first resonance becomes much more damped and occurs at a lower frequency (visible from the phase plots). The first resonances of the pantograph under 1, 2, and 5 mm excitation are 2.5, 1.9, and 1.1 Hz, approximately. The phases of the higher excitation magnitudes at 0.1 Hz begin with negative values, indicating that the acceleration lags the force. This is because the pantograph lower section is active and behaves as a nonlinear damper. The data presented in Figure 9 show that the FRF tests carried out with higher excitation levels cover only a more limited frequency range. As the excitation levels increase, the resonant frequencies drop and behaviour of the resonance varies. Therefore, to excite different pantograph parts for fault diagnosis, proper excitation levels should be used.
Changing the torsion bar
The dynamic behaviour of the head suspension can be identified by the FRF test using relatively low excitation levels. The shape of the resonance relates to damping and stiffness of the properties of the torsion bar and the bearings in the head suspension. To explore how the properties of the torsion affect the pantograph dynamic behaviour, an FRF test is carried out where the original torsion bar is replaced by another less stiff one. To avoid the activation of the lower section, including the pneumatic actuator and the elbow joint, a 0.3 mm excitation was applied and the result is shown in Figure 10 . Compared with the Bode plot measured under the original condition, the frequency of the first resonance drops to 3.7 Hz from 4.3 Hz with the less stiff torsion bar. Regarding the phase plot, the gradient of the phase shift is similar, which illustrates that the new torsion bar does not change the damping ratio of the head suspension significantly. A less stiff torsion bar produces a distinctly lower resonant frequency. Therefore, compared with measurement of the hysteresis, the FRF test is a more effective way of investigating the properties of the stiffness of the head suspension.
Changes to the elbow joint chains
Faults or degradation of the elbow joint is generally caused by high stiffness caused by insufficient lubrication or the chain becoming loose. If the stiffness is higher than the allowance, the chains cannot bend along the eccentric cam on the elbow joint and the pantograph cannot be raised up or drop back. If the chains are loose, the extension of the upper arm will be less than expected and the dynamic behaviour of the pantograph will be changed. FRF tests have been carried out to see if degradation of the elbow joint chain can be seen. Here, the FRF tests were carried out by loosening one of the outer chains in one case and the centre chain in the other. Decreasing amplitude excitation was applied which shows the variation in the Bode plot most clearly and the results are shown in Figure 11 . Compared with the behaviour in the original condition, with a loose outer or centre chain a resonant frequency appears at 2.5 and 2.4 Hz, respectively. However, the Bode plot of the original condition does not show a clear resonance in the low frequency range. Beyond the first resonance, the frequency responses of the two abnormal conditions remain essentially the same. The FRF test shows the variation of the pantograph dynamic behaviour caused by the tightness of the chain clearly. However, comparing the Bode plot of the two loosened chain conditions, it is difficult to extract the features to distinguish the two. This is not surprising as loosening the centre chain is essentially similar to loosening an outer chain.
Changes in the pneumatic actuator
The behaviour of the frame suspension is mainly affected by the performance of the pneumatic actuator. The hysteresis test with the leaking pneumatic actuator can detect the leaking issue; however, it cannot identify changes in the pantograph dynamic behaviour. The pneumatic actuator is the lowest component of the pantograph. To inspect its dynamics, the amplitude of the excitation is critical: At excitation amplitudes much less than 2 mm, the pneumatic actuator is not properly excited. At higher amplitudes, the maximum frequency before loss of contact becomes too low to see the effects of faults in the pneumatic actuator. The Bode plots for the normal and leaking actuator with 2 mm excitation are shown in Figure 12 .
In Figure 12 , the first resonance of both the normal condition and the actuator leakage condition can be inspected from the phase plot. In the low frequency range, 0.5-2.4 Hz, the gradient of the phase shift of the actuator leakage condition suggests a stronger resonance with the leaking actuator. In the magnitude plot, a resonance starts to appear at approximately 2.3 Hz. Therefore, leakage of the pneumatic actuator is able to be diagnosed by the measurement of FRF. A more lightly damped resonance emerges in the low frequency range.
Comment
Above all, the FRF test is able to identify changes in the behaviour of a number of components. However, the FRF is a time-consuming test compared with the hysteresis test and also compared to the changing gradient test to be described in the next section and the excitation levels need to be chosen carefully for effective fault diagnosis. Considering these limitations, a novel pantograph test method has been developed which allows the changes in a pantograph to be observed more rapidly.
Changing gradient test
The catenary is a flexible structure which is supported by trackside masts. 42 Contact and catenary wires are held in the desired position by structural elements of catenary. 43 The contact wire and catenary wire are connected by a finite number of droppers. 44 When a pantograph passes under a support mast (which is relatively rigid), the pantograph is initially moving downwards and then suddenly has to change direction and move upwards. Loss of contact is most likely at this point. The occurrence of the contact loss depends on the dynamic behaviour of the pantograph. In this paper, to explore the pantograph performance with respect to the profile of the upwardly loaded contact wire, a novel 'V' profile test is proposed. Different operation speeds are considered. The increase of the operation speed is equivalent to growth of the 'V' profile gradient.
In this section, the 'V' shape displacement is applied on pantograph. To measure the response of the changing gradient excitation without being affected by other disturbances, the pantograph is excited from a static condition. The excitation speed is varied from 100 to 500 mm/s with 100 mm/s steps. The excitation profiles and pantograph dynamic response are shown in Figure 13 .
The three places where the gradient of the excitation profile changes each induce a sort of step response from the pantograph. In Figure 13 , the contact force shows an oscillatory response for each of the three changes of gradient. The oscillations are similar to that of the step response of a lightly damped secondorder system. Therefore, a second-order state-space model has been used to parameterise the responses at different excitation speeds. A least-squares curve-fitting approach was used to estimate the parameters. In order to carry out the system identification accurately, a Savitzky-Golay filter is used to approximate the dynamic shape of the contact force from the extremely noisy measurement. 45 Then, the dynamic behaviour is described by providing the traits of the dominant poles. 46 The standard transfer function of a second-order system in the frequency domain can be written as (5)
where ! n is the natural oscillation frequency of the system and is the damping ratio. ! n and are the critical parameters to present the dynamic behaviour of the pantograph. In this paper, the changing gradient test is implemented under four conditions: new condition, inclusion of the less stiffness torsion bar, with a leaking pneumatic actuator, and loosening the centre chain. The natural frequencies and the damping ratios to each excitation speed are shown in Figure 14 .
The oscillation frequency of the normal condition (asterisks in Figure 14 ) decreases as the excitation speed increases; after the speed is higher than 300 mm/s, the oscillation frequency remains within a relatively narrow range. The damping ratio of the normal condition goes up as the speed increases initially; when the speed is higher than 300 mm/s, the damping ratio decreases. The response of the pantograph with the leaking actuator (diamonds in Figure 14 ) is similar to that of the new condition. However, the oscillation frequency is slightly lower; meanwhile, the damping ratio is higher. The dynamic parameters of the pantograph with the less stiffness torsion bar are different from the above two conditions (circles in Figure 14 ). The oscillation frequency varies within a small range. The damping ratio decreases as the speed increases at low excitation speed level and then it is maintained at a relative steady value. With loosening the centre chain, the oscillation frequency and damping ratio are similar with the normal condition. Therefore, it is difficult to diagnose the tightness of the elbow joint chain using system identification approach.
The outcome of the 'V' profile test shows that the torsion bar is the key component to generate the response to the excitation applied on the pantograph head. By using the less stiff torsion bar, the pantograph mechanism becomes lightly damped; meanwhile, the new component slows down pantograph reaction in low excitation rate ranges significantly. The leaking actuator generates a slightly heavier damping effect and slower responses. Compared with the two artificial conditions, the response of the original condition makes a good compromise between the system oscillation frequency and the equivalent damping ratio.
The 'V' profile test is being further developed as it appears to have the potential to be a good accompaniment to the hysteresis test for identifying pantograph faults. The testing times for the 'V' profile test and hysteresis test are given, for various excitation amplitudes, in Appendix 1. The frequency response test is sensitive to excitation amplitude and takes a long time.
Conclusion
In this paper, the pantograph test rig developed at the University of Birmingham has been described for the fault detection and diagnosis of high-speed pantograph dynamic behaviour. Three different tests can be carried out using the test rig: a hysteresis test, an FRF measurement, and a novel changing gradient test. The results show that the pantograph hysteresis is able to detect some of the faults under various excitation speeds, including the stiffness of the bearings, the tightness of the elbow joint chain, and the leakage of the pneumatic actuator. However, the hysteresis test cannot detect the variation of the properties of the torsion bar. The FRF test indicates that the dynamic behaviour is varied with the excitation strategies in the frequency domain. The results of the FRF tests show that this test is able to diagnose all the faults considered in this paper; but, for some changes, the variations in the Bode plot are not obvious. The novel changing gradient test demonstrates that changes of the dynamic behaviour result from replacing the torsion bar and the pneumatic actuator can be detected by working out the natural oscillation frequency and the damping ratio. In contrast, using the system identification approach mentioned in this paper, loosening of the centre chain cannot be detected. The test results show that pantograph faults can be detected and diagnosed using different tests carried out by the pantograph test rig.
Even though the measurement of FRF is the most effective test for pantograph fault diagnosis, it is time consuming and different excitation levels should be considered for one fault to demonstrate the faulty features clearly. The test rig is now being further developed to install in an operational railway maintenance depot to improve the current maintenance technology. A further pantograph fault prognosis study will be undertaken using data from the depotbased test rig. 
